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The dilute magnetic semiconductor (Ga,Mn)As is ferromagnetic in accordance with the p-d Zener
model. Hole density function (HDF) localization has been previously studied by means of the density
functional theory (DFT) and non-standard DFT methods; however not for dopings near 1%. We
have revised (Ga,Mn)As using the DFT with the pseudopotential self-interaction correction (pSIC)
and maximally-localized Wannier functions (MLWFs), which show the sp3 character of a HDF.
Nature of HDF is extended - for low dopings and the pSIC, 70% of the HDF is located within the
inter-impurities region, and contribution of the 3d-Mn states is 3-5% for 1-3% of Mn with the pSIC,
and 11% with the DFT. We found that for dopings below 1%, the spin-unpolarized s-type impurity
states segregate from the conduction band to the energy gap - in contrast to earlier publications.
This implies that donor co-doped dilute samples would be both insulating and nonmagnetic.
PACS numbers:
I. INTRODUCTION
The dilute magnetic semiconductors (DMS) pos-
sess combined semiconducting and magnetic properties,
hence their potential application in spintronics have been
extensively investigated over past 30-years1–5. A pro-
totype DMS used to explain a mechanism of the fer-
romagnetic order in this class of magnetic materials is
(Ga,Mn)As. It is a half-metal, with a metallic phase in
majority-spin band, and with a spin-polarized hole in-
troduced to the host GaAs by a substitution of Ga with
Mn. The nature of this hole rules magnetic and trans-
port properties. Therefore, deep understanding of a type
and localization of empty states near the Fermi level and
within the energy gap is a subject of hot debate.
In the pioneering work, Dietl et al.6,7 assumed the
extended-hole scenario, with a HDF delocalized within
the valence band, and applied the p-d Zener model to
successfully explain high Curie temperature, reaching
110 K, in GaAs with 5% of Mn. Since then, many papers
based on this model have been written and very inten-
sive ab-initio studies on the (Ga,Mn)As system have been
performed (see a review8). However, perfect consensus
about this system is not achieved, and very low dopings
were not studied in detail by means of first-principles
methods, while there are many experimental papers con-
sidering this type of systems9–13.
It is also stated in a few works that some impurity
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states at low dopings appear within the energy gap.
Their character is believed to be of valence band origin
and spin-polarized and the d-type. In contrast to those
investigations, we have found that the gap states close to
1% doping originate from the conduction band and their
character is spin-unpolarized and the s-type.
In our studies, we have employed the following two
additional methods beyond standard implementations of
DFT (like GGA), which have not been previously applied
to the hole localization problem at very low concentra-
tions:
1. pSIC scheme14,15, which corrects the electronic self-
interaction problem for all atomic shells, giving a
more balanced treatment than just the d-shell cor-
relations included in the DFT+U approach
2. MLWFs analysis16
These two methods complete the HDF localization de-
scription in the real-space manifold of localized functions
centred at atoms or bonds. We have focused on two Mn
concentrations of 1% and 3%, showing that, at some co-
doping with donors, the samples may exhibit different
magnetic and conducting properties.
Next in the scope of this work, we have listed earlier
studies on the HDF localization in (Ga,Mn)As in section
2, given details of our calculations in section 3, presented
our results in section 4, and drawn conclusions in section
2II. BRIEF SUMMARY OF EARLIER STUDIES
The earlier DFT and DFT+U calculations for
(Ga,Mn)As at dopings of 6% and 12% already have
shown that the highest contribution to the HDF origi-
nates from the As-neighbours of Mn17, and this result
was confirmed in the system with 3% of Mn19. Fur-
ther studies for concentrations 3-12% showed that the
HDF extends beyond the second As neighbours of the
impurity18. First application of the pSIC method to this
system for dopings of 6-12% presented the contribution
of the 4p-Mn states to the top of the valence band20.
Other self-interaction corrected scheme, namely SIC-
LSD, has been applied to (Ga,Mn)As at 3-25% of Mn,
and only the majority-spin d-states have been treated
with this method, beyond standard DFT21. That work,
however, focuses on critical temperature and a compari-
son of (Ga,Mn)As to Mn doped GaP and GaN, showing
the total density of states (DOS) and the d-projected
DOS of Mn only. The standard DFT calculations for
lower Mn doping of 2% have been also performed22.
None of the publications mention the gap states, since
the considered dopings were too high to find them. Those
works did not focus on the chemical character of a hole,
as it was considered in previous study23 for a different
system: Mn in Ge. Very detailed investigations of chem-
ical character of the 3d-Mn states in work24 do not con-
sider explicitly a contribution of the 4p-Mn states to the
HDF. We found these states dominating over the t2g-Mn
contribution when the pSIC scheme was applied.
Nevertheless, all listed above publications agree about
the HDF delocalization scenario, which leads to justifica-
tion of the p-d Zener model for Tc in (Ga,Mn)As
7,25,26.
Our results presented here support this model too.
Recently, a contradicting hypothesis, with the Fermi
level localized within the 3d-Mn impurity states, is dis-
cussed by the experimental group27, and followed by
a theoretical work28 with similar conclusions to earlier
publication29. These works examine the double-exchange
mechanism as possible in (Ga,Mn)As.
As for the gap states at lower dopings, some pub-
lications imply that the origin of these states is from
the valence band and their spin-polarization is of the
d-type26,28. We have found that these states are spin-
unpolarized and of the s-type, and they are formed by a
separation from the conduction band.
III. THEORETICAL DETAILS
We have started performing the calculations within
the density functional theory framework30, employing the
Quantum ESPRESSO code31, with the pseudopoten-
tials (PPs) and the plane-wave basis. For the exchange-
correlation functional, we have chosen the generalized
gradient approximation (GGA) by means of the Perdew-
Burk-Erzenhof parametrization32. We have used the ul-
trasoft pseudopotentials33 with the semicore 3s- and 3p-
shell of Mn and the 3d-shell of Ga included in the valence
bands, and with nonlinear core correction for the Ga and
the As PPs. The energy cutoffs of 35 Ry and 350 Ry were
set for the plane-waves and the density, respectively.
The calculations were done for two Mn concentrations:
1% with one Mn atom in the 216-atoms cell and 3% with
a single impurity in the 64-atoms cell. Dense k-point
grids of (6,6,6) and (12,12,12) points generated accord-
ing to the Monkhorst and Pack scheme34 were used, for
these dopings respectively. For a quadrature over the
Brillouin zone, the metallic-smearing technique35 close
to the Fermi surface was used with the Gaussian broad-
ening of 0.01 Ry. The experimental lattice constant of
5.65 A˚ was fixed for all calculations, and the atomic
positions in the cells were optimized. The largest relax-
ation, found close to the Mn impurity, was smaller than
0.6% of the Ga-As bond length.
The pSIC scheme14,15 results were compared to the
GGA results. The self-interaction corrections have been
applied to all atomic shells of all atoms in the calculated
cells and to both spins.
To imagine a character of the hole, we performed the
detailed analysis of the projected density of states onto
the atomic shells. The hole occupation numbers nPDOSh
were obtained from a quadrature of the projected DOS,
N(ε), in a range from the Fermi level εF to the energy
at which the DOS vanish first time for the unoccupied
states:
nPDOSh =
∫ εN(ε)=0
εF
N(ε) dε. (1)
The shape of HDF and the degree of localization in
the real space have been examined using the maximally-
localized Wannier functions (MLWFs)16 for which calcu-
lations are made with the aid of the Wannier code36. The
electronic localization degree can be estimated from the
MLWFs spreads, Ωn, defined as
16:
Ωn = [〈r
2〉n − r¯
2
n], (2)
where r¯2n = 〈0n|r|0n〉
2 = 〈rn〉
2 and 〈r2〉n = 〈0n|r
2|0n〉,
with |0n〉 being the Wannier function with number n and
centered in the original cell with the direct-lattice vector
R = 0, and r is the real-space position operator. The sum
of above defined quantities Ω =
∑
nΩn is minimized in
the MLWFs-finding procedure16.
To get a closer insight into the Mn-As bonds, we cal-
culated the MLWFs on the GGA and the pSIC Bloch-
functions obtained for the 64-atoms cell. For minimiza-
tion of the total spread, we have chosen the 133- and
128-band space in the spin up and down, respectively.
Bottom of the energy window was set within the gap be-
tween the localized 3d-Ga derived bands and the delocal-
ized sp-bands of (Ga,Mn)As. Top of the energy window
was fixed just above the 133-rd band counted for the
spin up from the bottom of the energy window. From
this band-manifold, we obtained 133 and 128 MLWFs in
the spin up and down, respectively.
3In analogy to the hole occupation numbers obtained
from the DOS, nPDOSh , we analyse contributions of the
HDW from the MLWFs, nMLWFh , defined via the ML-
WFs occupations as nMLWFh = 1 − f
MLWF
n . Concept
of the Wannier occupations has been introduced recently
for proper symmetries of some systems, which need a few
unoccupied states (usually the anti-bonding counterparts
to the valence states) in the manifold of Bloch functions
to be used for the MLWFs construction37. These occu-
pation numbers fMLWFnm are defined with the use of two
unitary transformation matrices Udispq and Uij , where the
first acts in the disentangling procedure to obtain the op-
timal subspace of Bloch-like functions possessing proper
symmetries and the second is obtained during the ML-
WFs optimization process. Thus the occupation matrix
is as follows:
fMLWFnm =
∑
k∈BZ
occ∑
p
win∑
s,r
Ukrm U
k dis
pr U
k ∗
sn U
k dis ∗
ps , (3)
where ’win’ runs over all states in the outer window
(including some unoccupied states) and ’occ’ runs over
states up to the Fermi level. Since the off-diagonal oc-
cupations sum to zero in the whole system, we use only
the diagonal occupations (fn = fnn) in the definition of
MLWFs contributions to the HDF.
IV. RESULTS
The Mn impurity, replacing Ga in the GaAs host, offers
two electrons from the 4s-shell and five electrons from
the 3d-shell instead of the Ga configuration 4s23d104p1.
Since the valence of As is 5 and that of Ga is 3, the
substitution of Ga with Mn creates a hole in the valence
band, because five 3d electrons of Mn almost do not take
a part in binding with the As neighbours.
In Figure 1, the density of states (DOS), projected on
the t2g, eg and 4p Mn-orbitals, is presented. The Fermi
level cuts through the valence band top, for two con-
centrations and both theoretical methods applied. The
DOS centre of mass, for the t2g and eg states, moves in
the pSIC scheme energetically downwards in comparison
to the GGA. Also, the number of states at the Fermi level
decreases in the pSIC.
These results are consistent with the previous pSIC20
and SIC21 and the LDA+U17–19 calculations. The eg-
shell in spin up (↑) is fully occupied, and the t2g (↑) states
are almost completely filled, with Lo¨wdin’s occupation
analysis38 giving range of values 2.74-2.85. The spin-
down (↓) states are quite empty for the Mn-3d states,
with Lo¨wdin’s occupations of 0.52-0.72 for the t2g. To-
tal magnetisation in the cell is about 4.0-4.2 µB for all
methods and Mn concentrations. Absolute magnetisa-
tion is much higher, 4.86-5.36 µB , also due to substantial
polarization of neighbouring As atoms, 0.07 µB, coupled
antiferromagnetically to the impurity moment.
Closer perspective at the Fermi-level region of the
DOS projected onto 3d- and 4p-Mn states, and onto
FIG. 1: (Color online) Projected density of states (DOS) for
t2g, eg and 4p states of Mn in (Ga,Mn)As at doping levels of
3% (64-atom cell) and 1% (216-atom cell). The Fermi level is
marked by the vertical dashed-line.
TABLE I: Contribution to the hole occupations nPDOSh from
the projected DOS [in %], for two doping levels: 3% and 1%,
obtained with the GGA and the pSIC. Wyckoff positions in
the cells in units of the lattice constant are given in paren-
thesis. The sum of contributions from Mn and its neighbours
along four tetragonal easy-axes are given in the last row.
64 atoms 216 atoms
States (Atomic Position) GGA pSIC GGA pSIC
t2g-Mn (0,0,0) 10.75 4.65 11.10 3.03
4p-Mn (0,0,0) 4.97 4.05 4.78 2.34
4p-As (1/4,1/4,1/4) 7.17 7.18 6.67 4.41
4p-Ga (1/2,1/2,0) 0.52 0.65 0.47 0.36
4p-As (3/4,3/4,1/4) 2.05 2.89 1.34 1.32
Total from 4 easy axes 54.68 51.58 49.80 29.73
4p-states of neighbouring atoms from the Mn-As-Ga-
As chain along the 110 axis, as well as the total DOS,
are presented in Figure 2. In both the DFT and the
pSIC schemes, the impurity states are mainly localized
deeply below the Fermi level, 3-4 eV as seen in Figure 1,
therefore the hole states almost do not contain the Mn-
component. The hole states merge with the valence band
for both concentrations of impurities, 1% and 3%. This
fact is better pronounced within the pSIC approach.
4FIG. 2: (Color online) Projected density of states (DOS) close
to the Fermi level at dopings of 3% and 1%, obtained with
the GGA and the pSIC. The total DOS is marked by the grey
colour. As-1 and As-2 denote the first- and second-neighbour
As-atoms along the Mn-As-Ga-As chain in 110-direction, the
Ga-atomic site is (1/2,1/2,0) in units of the lattice constant
and Mn is at the origin.
For accuracy, Table I collects the hole occupation num-
bers, nPDOSh , defined in the previous section. We con-
clude, that the HDF is composed of many states and the
contribution of the 4p-As states is the highest by means
of the pSIC. If we take into account the fact that there
are four As nearest neighbours of Mn, then it is obvi-
ous that the HDF is mainly located around the impurity
neighbours and not at the impurity. The 4p-Mn donation
to the HDF is almost as high as from the 3d-Mn states
(pSIC) or about half of the Mn-3d input (GGA). Interest-
ingly, the HDF extends beyond the second As-neighbours
of Mn, and only half or less of the hole occupation is
summed over the Mn atom and its twelve neighbours
from the Mn-As-Ga-As chains along four easy axes. Half
of the HDF extends over the inter-impurity part of the
supercells at doping 3%, or it is even 70% in case of 1%
Mn calculated within the pSIC approach. Similar analy-
sis has been performed in the publications18,20 by means
of the DFT, the DFT+U and the pSIC approaches.
Chemical bond of Ga with As-neighbours is built by
4s and 4p electrons. For the Mn impurity, occupations
of the 4s-states are about 0.34 (↑) and 0.27 (↓) for both
the GGA and the pSIC, and for the 4p-states the corre-
sponding numbers are 0.70 (↑) and 0.50 (↓) (GGA) and
0.89 (↑) and 0.60 (↓) (pSIC), independently of impurities
concentrations.
The Mn-As and Ga-As bonds analysed with the ML-
WFs appear as sp3-type lobes centred closely to each of
32 As atoms in the cell, these centres are slightly on the
back bonds. The 3d-type functions centred at Mn rather
do not take a part in bonding. Similar sp3-hybridization
has been discussed by Stroppa et al.23 for the Mn im-
purity in Ge. Because of the chosen energy window, the
Wanniers obtained by us contain the HDF. Plots for some
MLWFs for the spin-up channel, obtained with the GGA,
are drawn in Figure 3.
The spreads for some representative MLWFs for
(Ga,Mn)As, obtained from the GGA- and the pSIC
Blochs, are collected in Table II and compared to the
MLWFs obtained for the isolated Mn atom and pure
GaAs. It is clear, that characters of the sp-lobes cen-
tred on the Mn-As bonds are very similar to those on the
As-Ga bonds, except slightly smaller spreads of the As-
Mn MLWFs caused by a little shift away from Mn. The
3d-Mn MLWFs are much more localized than the sp3-
functions, although, spreads of the d-type functions are
twice larger, for eg, and three times larger, for t2g, than
for the corresponding functions of the isolated atom.
Plots also show that a contribution of the t2g-
symmetry functions to the As-Mn bond is small, and
even with a tendency to escape from the bondline, as
one can see from the asymmetry of plus- and minus-sign
lobes of the dxy MLWF (dxz and dyz have the same prop-
erty). Spreads of the sp3 MLWFs on the As-Ga bonds
in (Ga,Mn)As are larger than these in pure GaAs, like
Mn-substitution effect was blowing them. It might be
a signature of the HDF being localized close to the As
atoms. Finally, an effect of the pSIC shows better lo-
calization around atoms. This causes decrease of atomic
spreads, and increase of the distance between lobes of the
interatomic MLWFs, and decrease of covalence. When
bands are infinitely thin, and there is no k-points disper-
sion, then an effect of the pSIC on the MLWF-spreads is
vanishing (Mn atom).
To give a measure of the HDF localization with the
MLWFs approach, we present, in Table II, the hole occu-
pation numbers nMLWFh , defined in the previous section.
The HDF is distributed over all bonds in the supercell.
It’s half-localization, in the 64-atoms supercell, extends
to the second As-neighbours of the impurity (this vol-
ume contains 13 atoms). Far away from the impurity
(which is placed in the corner of a supercell), at four cen-
tral As atoms in the 64-atom supercell, there is about
4×(0.37+3×0.39)=6.16% of a HDF obtained with the
GGA method and 8.8% by means of the pSIC. These
5d2z dx2−y2 dxy dxz dyz sp
3 As-Mn sp3 As-Ga
FIG. 3: (Color online) Maximally-localized Wannier functions, for the spin up, centered at Mn and the neighbouring As atom,
obtained for the 64-atoms cell with the GGA. The sp-lobes along the As-Mn and As-Ga bonds were chosen from a manifold of
sp3 hybridization. All functions were plotted with the same isovalues. The Mn atoms are depicted in black colour, As in white
and Ga in olive colour. Plots were prepared with the xcrysden code39.
TABLE II: MLWFs’ spreads Ωn [in A˚
2], and contributions to
the hole occupations nMLWFh [in %], obtained by means of
the GGA and the pSIC, for (Ga,Mn)As in the 64-atoms cell
(doping 3%). For a comparison, the spreads Ωn for the atomic
Mn and pure GaAs are also given. Numbers of symmetry-
equivalent sp-lobes are in parenthesis. Spin channels are de-
noted by up- and down-arrows.
functions GGA pSIC
Spreads Ωn
Mn: dz2 , dx2−y2 (↑) 0.77
(2) 0.69(2)
Mn: dxy, dxz, dyz (↑) 1.20
(3) 1.01(3)
Mn atom: d5 (↑) 0.46(5) 0.46(5)
Mn-As-Ga: sp3 (↑) 2.82(1) 3.54(3) 2.95(1) 3.75(3)
Mn-As-Ga: sp3 (↓) 2.48(1) 3.30(3) 2.74(1) 3.42(3)
As-Ga (central): sp3 (↑) 3.35(1) 3.29(3) 3.64(1) 3.58(3)
As-Ga (central): sp3 (↓) 3.36(1) 3.30(3) 3.64(1) 3.58(3)
pure GaAs: sp3 3.15(4) 3.59(4)
Hole occupations nMLWFh
Mn: dz2 , dx2−y2 (↑) 0.0
(2) 0.0(2)
Mn: dxy, dxz, dyz (↑) 4.59
(3) 1.39(3)
Mn-As-Ga: sp3 (↑) 3.70(1) 2.22(3) 1.70(1) 1.67(3)
As-Ga (central): sp3 (↑) 0.37(1) 0.39(3) 0.52(1) 0.56(3)
numbers are similar to the picture obtained from the pro-
jected DOS analysis.
It is significant that after taking a closer look at the
hole bandwidth, i.e. [εF , εN(ε)=0], for different dopings,
we find that in every considered case the system is not
strictly insulating. For 3% of Mn, the hole bandwidth
is 0.3 eV (GGA) or 0.4 eV (pSIC), and for 1% of Mn,
it amounts to 0.18 eV (GGA) or 0.28 eV (pSIC). The
hole bandwidth reduction with decreasing doping is due
to increasing number of states in larger supercells while
the number of holes is kept the same (namely one) - this
is independent on whether the 3d-states of Mn reside at
the Fermi level or not. We remind, that the maximum of
FIG. 4: (Color online) Total density of states (DOS) close
to the Fermi level (marked by the vertical dashed-line) and
within the energy gap of (Ga,Mn)As, obtained with the GGA
and the pSIC, at 3% and 1% dopings.
the DOS of the 3d-Mn levels is located 3-4 eV below the
Fermi level.
From ab-initio calculations, we do not observe sepa-
ration of the DOS from the top of the valence bands,
which was suggested in few previous works27,28. For very
low doping, the impurity band within the gap originates
from the conduction states. Detailed picture of the gap
region is included in Figure 4. Composition of the impu-
rity band within the gap, for the 216-atoms cell and for
both the GGA and the pSIC, consists of the 4s-functions
of Mn, As and Ga atoms, and there is no d- or p-type
add. Anyway, due to their small bandwidths, these im-
purity states can act as traps for electrons from the Mn
interstitials, which are known to be donors40,41, or these
bands can be populated via absorption of photons.
Experimentally, some of diluted samples are conduct-
ing and a few among all samples are insulating; the con-
ducting samples have extended HDF and the insulating
samples are characterized by the localized HDF26. This
matches perfectly with our Figure 4 and donor scenario
of Ref.40,41:
1. If there is a low concentration of interstitials then
6holes are not compensated, Fermi level lays within
the valence band, and samples are conducting.
2. If there are many donors, then the holes within
the valence band are compensated, the unpolarized
states of the s-type within the gap (see Figure 4 in
216-atoms cases) become partially or totally occu-
pied, the Fermi level cuts through these states, or
between them and the valence band, or between
the gap states and the conduction band, and the
samples are insulating.
V. SUMMARY
We have used two approaches: the pSIC and the
MLWF, in order to analyse in detail the Fermi level and
the gap regions of the (Ga,Mn)As density of states, and
the hole localization and its chemical character.
It is demonstrated that the HDF is very delocalized,
especially within the self-interaction corrected scheme. In
diluted case, the HDFs are mainly spread over the crystal
volume among the impurities, not close to the impurities
regions. Only at higher concentrations the HDF resides
mainly at the Mn-As complex, and this part of the HDF
has mainly sp3-character centred on the As-neighbours
of Mn.
For very low dopings, the hole states (low energy un-
occupied bands) are still merged with the valence band,
and the impurity band within the gap forms via sepa-
ration from the conduction states. These gap states are
unpolarized and purely of the s-type. Our new result
requires experimental confirmation.
Fermi level is pinned within the valence band for donor-
free samples, or within the localized gap states of s-type
for donor-rich samples and low Mn dopings - these sam-
ples are insulating and nonmagnetic. With the above
findings, models for Curie temperature in dilute mag-
netic semiconductor (Ga,Mn)As, which assume an ex-
tended hole density function over the valence band7,25,26,
are clearly justified.
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